Accumulating data have brought the nonnucleoside reverse transcriptase (RT) inhibitors (NNRTIs) into the forefront of antiretroviral therapy. Among the emerging compounds in this class, a particularly attractive one is efavirenz (Sustiva), recently approved for clinical use by the U.S. Food and Drug Administration. In the present study, the equilibrium dissociation constants for efavirenz binding to the different catalytic forms of human immunodeficiency virus type 1 RT as well as the association and dissociation rates have been determined using a steady-state kinetic approach. In addition, the same enzymological analysis has been extended to the thio-substituted analog, sefavirenz, which showed comparable activity in vitro against RT. Both compounds have been found to act as purely uncompetitive inhibitors at low drug concentrations (5 to 50 nM) and as mixed noncompetitive inhibitors at higher doses (50 to 500 nM). This behavior can be interpreted in terms of the relative affinities for the different catalytic forms of the enzyme. Both efavirenz and sefavirenz showed increasing affinities for the different forms of RT in the following order: free enzyme < (i.e., bound with lower affinity) binary RT-template-primer (TP) complex < ternary RT-TP-deoxynucleoside triphosphate (dNTP) complex. The rate of binding of the two inhibitors to the different enzyme-substrate complexes was well below the diffusion limit (on the order of 10 4 M ؊1 s ؊1 ); however, both inhibitors, when bound to the ternary RT-TP-dNTP complex, showed very low dissociation rates, on the order of 10 ؊4 s ؊1 for both compounds, typical of tightly binding inhibitors. Thus, efavirenz and its thio-substituted derivative sefavirenz appear to be peculiar in their mechanism of action, being selective tightly binding inhibitors of the ternary RT-TP-dNTP complex. Efavirenz is the first clinically approved NNRTI to show this property.
The virus-encoded human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) is essential for the viral replication cycle and therefore represents a logical target for antiviral chemotherapy (11, 15) . Recently, a class of inhibitors targeted to the viral RT, the so-called nonnucleoside RT inhibitors (NNRTIs), have gained a definitive place in the treatment of HIV-1 infections along with nucleoside RT inhibitors (NRTIs) and protease inhibitors (PIs) (5) . These compounds, in spite of their different chemical structures, are highly specific for HIV-1 RT and bind to the enzyme at the same allosteric site, close to but distinct from the catalytic site, behaving as typically noncompetitive inhibitors with respect to the different substrates of the polymerization reaction (7, 28, 30) . There are currently three NNRTIs approved for clinical use, nevirapine (Viramune), delavirdine (Rescriptor), and the most recently licensed, efavirenz (Sustiva). When used in monotherapy regimens, NNRTIs have rapidly selected for resistance (19, 20, 21, 22, 26, 27, 30) , but the results of clinical trials with NNRTIs as components of highly effective antiretroviral therapy regimens in combination with NRTIs and/or PIs have been impressive (http://www.medscape.com/Medscape/HIV/TreatmentUpdate /1999/tu04/tu04-03html). In general, NNRTIs often show synergistic (or at least additive) effects in combination with NRTIs, as well as positive pharmacokinetic properties. In contrast to NRTIs or PIs, NNRTIs are characterized by less severe adverse effects for patients (4) . There now exists a large amount of data justifying the use of NNRTIs plus NRTIs as initial therapy as well as in the treatment of individuals who have very advanced disease or who have already failed multiple NRTI or NRTI-PI combination therapies.
Among the emerging compounds in this class, a particularly attractive one is efavirenz. Efavirenz had very promising results in clinical trials aimed at evaluating its effect in association with NRTIs, NNRTIs, and PIs under a variety of clinical scenarios. It was particularly effective both in treatment-experienced individuals switched to the new therapy and in salvage regimens for patients not responding to standard NRTI-PI combinations. Like the other NNRTIs, however, efavirenz also selects for genotypic drug resistance, in particular, for the K103N mutation in the drug-binding site of HIV-1 RT (1, 9, 32, 33) . This mutation was also the most frequently observed in samples from patients experiencing postvirological treatment failure and was already known to confer cross-resistance to other NNRTIs (30) . These observations highlight the need for extended-spectrum efavirenz derivatives that may be active against the K103N mutant. A detailed understanding of the mechanism of action of efavirenz is an obligatory step in developing new molecules with a better profile of activity against drug-resistant mutants.
In the present study, the equilibrium dissociation constants for efavirenz binding to the different catalytic forms of HIV-1 RT as well as the association and dissociation rates have been determined using a steady-state kinetic approach. In order to evaluate how minor conformational changes in the structure of efavirenz could affect its binding to HIV-1 RT, a derivative bearing an oxocarbonyl-thiocarbonyl substitution has been syn-thesized and called sefavirenz. While sefavirenz displayed comparable activity in in vitro RT assays, the results indicated that the compounds bound with different affinities to the various catalytic forms of the enzyme-substrate complex.
MATERIALS AND METHODS

Chemicals. [
3 H]dTTP (40 Ci/mmol) was from Amersham, and unlabeled deoxynucleoside triphosphates (dNTPs) were from Boehringer. Whatman was the supplier of the GF/C filters. All other reagents were of analytical grade and were purchased from Merck or Fluka.
Synthesis of compounds. Melting points were measured using a Kofler hotstage apparatus and are uncorrected.
1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded in CDCl 3 at 300 and 75.46 MHz, respectively, using a Bruker ACE-300 spectrometer.
1 H chemical shifts (␦) were reported with Me 4 Si (␦ ϭ 0.00 ppm) as an internal standard. 13 C chemical shifts (␦) were reported with CDCl 3 (central peak, ␦ ϭ 77.00 ppm) as an internal standard. The following abbreviations are used: br, broad; s, singlet; d, doublet; dd, double doublet; and m, multiplet. Mass spectra were obtained on a Finnigan MAT 8222 spectrometer via the direct inlet. Electron ionization was performed at 70 eV and 0.5 mA with a source temperature of 250°C. Elemental analyses indicated by the symbols were within Ϯ0.4% of the theoretical values and were performed on a Carlo Erba 1106 Elemental Analyzer. All reactions were monitored by thin-layer chromatography carried out on 0.25-mm Merck silica gel (60 F 254 ) and visualized by UV light (␦ ϭ 264 or 365 nm); flash chromatography was performed with silica gel 60 (60 to 200 m; Merck). High-pressure liquid chromatography (HPLC) analyses were run on a Merck-Hitachi L-7100 instrument equipped with an L-7400 UV detector and an L-7300 column oven. The column was an RP 18 Lichrospher 100 5-m column (Merck). The conditions were as follows: eluent, CH 3 CN-H 2 O (65:35); flow rate, 1.1 ml/min; UV detector wavelength, 247 nm; and temperature, 25°C.
(i) 6-Chloro-4-cyclopropylethynyl-4-trifluoromethyl-1,4-dihydro-2H-3,1-benzoxazin-2-one (efavirenz). The product was synthesized as described by Tan et (ii) 6-Chloro-4-cyclopropylethynyl-4-trifluoromethyl-1,4-dihydro-2H-3,1-benzoxazin-2-thione (Sefavirenz). To a solution of efavirenz (506 mg, 1.602 mmol) in 15 ml of anhydrous toluene, Lawesson's reagent (324 mg, 0.801 mmol) was added, and the mixture was refluxed for 3.5 h. After the mixture was cooled to room temperature, the solid residue was removed by filtration. The solvent was distilled under reduced pressure, and the residue was purified by flash chromatography (hexane-ethyl acetate, 75:25). Crystallization from hexane gave white crystals; the mp was 147 to 148°C. HPLC analysis: RT, 7.29 min. 1 Molecular modeling. The calculations and simulation were performed on an O 2 R10000 SGI workstation by using the software modules Discover and Builder of the Biosym/MSI software package. The structure of nevirapine was obtained from the atomic coordinates of the crystal structure of the HIV-1 RT-nevirapine complex (protein data bank file RVO). The structure of efavirenz was modeled using the Biosym/MSI software package, further subjected to the steepest descendent minimization for 1,000 steps, and then minimized with conjugate gradients for 10,000 steps. The superimposition of efavirenz and nevirapine gave a root mean square deviation value in the aligned position of 0.095.
Nucleic acid substrates. The homopolymer poly(rA) (Pharmacia) was mixed at weight ratios (in nucleotides) of 10:1 with the oligomer oligo(dT) [12] [13] [14] [15] [16] [17] [18] (Pharmacia) in 20 mM Tris-HCl (pH 8.0) containing 20 mM KCl and 1 mM EDTA; the mixture was heated at 65°C for 5 min and then slowly cooled at room temperature.
Expression and purification of recombinant HIV-1 RT forms. Recombinant RT was expressed and purified to Ͼ95% purity as described previously (20) . It had a specific activity on poly(rA)-oligo(dT) (see below) of 75,670 U/mg; 1 U of DNA polymerase activity corresponds to the incorporation of 1 nmol of dNMP into acid-precipitable material in 60 min at 37°C.
HIV-1 RT RNA-dependent DNA polymerase activity assay. RNA-dependent DNA polymerase activity was assayed as follows. A final volume of 25 l contained buffer A (50 mM Tris-HCl [pH 7.5], 1 mM dithiothreitol, 0.2 mg of bovine serum albumin per ml, 4% glycerol), 10 mM MgCl 2 , 0.5 g of poly(rA)-oligo(dT) (10:1) (0.3 M 3Ј-OH ends), 10 M [ 3 H]dTTP (1 Ci/mmol), and 2 to 4 nM RT. Reaction mixtures were incubated for 10 min at 37°C. Aliquots (20 l) were then spotted on GF/C glass fiber filters, which were immediately immersed in 5% ice-cold trichloroacetic acid. Filters were washed twice in 5% ice-cold trichloroacetic acid and once in ethanol for 5 min and dried, and acid-precipitable radioactivity was quantitated by scintillation counting.
Inhibition assays. Inhibition assay reactions were performed under the conditions described for the HIV-1 RT RNA-dependent DNA polymerase activity assay. Incorporation of radioactive dTTP into poly(rA)-oligo(dT) at different concentrations of DNA or dNTPs was monitored in the presence of increasing amounts of inhibitor. Data were then plotted according to Dixon (6) .
Kinetics of inhibitor binding. HIV-1 RT (20 to 40 nM) was incubated for 2 min at 37°C in a final volume of 4 l in the presence of buffer A, 10 mM MgCl 2 , and 100 nM 3Ј-OH ends (for the formation of the RT-template-primer [TP] complex) or in the same mixture complemented with 10 M unlabeled dTTP (for the formation of the RT-TP-dNTP complex). The inhibitor to be tested was then added to a final volume of 5 l, at a concentration at which
is free enzyme at the beginning of the reaction and [EI] is the enzyme-inhibitor complex. Then, 145 l of a mixture containing buffer A, 10 mM MgCl 2 , and 10 M [ 3 H]dTTP (5 Ci/mmol) was added at different time points. After an additional 10 min of incubation at 37°C, 50-l aliquots were spotted on GF/C filters, and acid-precipitable radioactivity was measured as described for the HIV-1 RT RNA-dependent DNA polymerase activity assay. The quantity (v t /v 0 ) representing the normalized difference between the amount of dTTP incorporated at the zero time point and at the different time points was then plotted against time.
Kinetic parameter calculation. All values were calculated by non-least-squares computer fitting of the experimental data to the appropriate rate equations. K d values for the various reaction intermediates (Fig. 1A) were calculated according to the equations for uncompetitive inhibition and for mixed noncompetitive inhibition, respectively (6):
where
Apparent rate of binding (k app ) values were determined by fitting the experimental data to the single-exponent equation
, where t is time. Determination of synergy. Two approaches were used to determine synergy. The first was based on the median-effect method of Chou and Talalay as modified by Villahermosa et al. (31) . Dose-response curves for the interaction between 3Ј-azido-2Ј, 3Ј-dideoxythymidine triphosphate (AZTTP) and efavirenz or sefavirenz were generated by fitting the experimental data to the equation
where [EI] is the fraction of inhibited enzyme, which was expressed as percent inhibition with respect to the control reaction without the inhibitor, and D 50 was the concentration of inhibitor giving 50% inhibition. Accordingly, [EI] max was assumed to be 100% at infinite inhibitor concentrations. The parameter m is the sigmoidicity term. The interaction index (I) was calculated according to the relationship I ϭ The second method was based on the Lowe additivity model as modified by Greco et al. (10) . Dose-response curves for the interaction between AZTTP and efavirenz or sefavirenz were assumed to follow Hill's model and were generated by fitting the experimental data to the equation
where E is the observed effect (percent activity), E con is the control effect (activity in the absence of the inhibitor), and all the other parameters are as defined above. Effective inhibitor concentrations at different fractional inhibition levels were calculated from the parameters D 50 , [EI] con , and m according to the equation
where D x is the dose of drug giving a particular percent inhibition. I was then calculated according to Greco et al. (10) with the equation
where D 
RESULTS
Synthesis.
Efavirenz was synthesized as previously described (29) . The thio-substituted analog sefavirenz was obtained by direct sulfuration (16) of efavirenz with Lawesson's reagent (Fig. 2) . Although the sulfuration of carbamates has been reported (16) , this is the first example of sulfuration of benzoxazin-2-ones with this reagent. The reaction yield is poor; however, after several recyclings of the unreacted product, the thio-substituted derivative can be obtained with a yield of Ͼ95%.
Kinetic analysis. A schematic reaction pathway for the inhibition of HIV-1 RT-catalyzed RNA-dependent DNA synthesis by efavirenz and/or sefavirenz is depicted in Fig. 1A . The data were analyzed according to the steady-state assumption that shortly after the initiation of the reaction, the enzymesubstrate complex is formed at the same rate as it dissociates. According to the ordered mechanism of the polymerization reaction, whereby TP binds first, followed by the addition of dNTP, the HIV-1 RT can be present in three different catalytic forms: as a free enzyme, in a binary complex with TP, and in a ternary complex with TP and dNTP (12, 17, 23, 24) . Accordingly, it was assumed that the inhibitor could bind to any of these different forms and at the corresponding equilibria reported in Fig. 1A . The assay conditions used allowed proces- sive synthesis by RT; thus, the complex of the enzyme with its products does not differ from the RT-TP complex, in the sense that the former shuttles back to the RT-TP state following incorporation and translocation along the template at a rate equal to the turnover number, k cat . The resulting rate equation for such a system is very complex and too impractical to be used. For these reasons, the general steady-state kinetic analysis was simplified by varying one of the substrates (either TP or dNTP) while the other was kept constant, as outlined in Fig.  1B . Because of the ordered mechanism of the two-substrate reaction catalyzed by HIV-1 RT, when the TP concentration was kept constant at a saturating level (50-fold over its K m ) and inhibition was analyzed with various concentrations of dNTPs, at the steady state all the input RT was in the form of the RT-TP binary complex and only two forms of the enzyme (the binary complex and the ternary complex with dNTP) could react with the inhibitor, as shown in the left panel of Fig. 1B . Similarly, when the dNTP concentration was kept constant at a saturating level (fivefold over its K m ) and inhibition was analyzed with various TP concentrations, RT was present either as a free enzyme or in the ternary complex with TP and dNTP, as shown in the right panel of Fig. 1B . Complex formation between RT and its substrates was assumed to occur with rapid equilibrium kinetics, so in the presence of saturating dNTP, conversion of the binary RT-TP complex into a ternary complex was assumed to occur at a much higher rate than inhibitor binding. Thus, in both cases, simple steady-state kinetic analysis could be used for the determination of the equilibrium dissociation constants of the different enzyme-inhibitor complexes.
Efavirenz and sefavirenz bind with different affinities to the binary RT-TP and ternary RT-TP-dNTP complexes. The effect of increasing concentrations of efavirenz on the RNA-dependent DNA synthesis catalyzed by HIV-1 RT on poly(rA)-oligo(dT) was tested with saturating TP and in the presence of two different dTTP concentrations. Under these conditions, only the binary RT-TP and the ternary RT-TP-dNTP complexes were available for inhibitor binding (Fig. 1B) . The results are shown in Fig. 3A in the form of Dixon plots. When a range of concentrations of inhibitor from 5 to 180 nM was tested, the resulting inhibition displayed nonlinear kinetics, with a change in the slope of the curves. Inspection of the curves at low efavirenz concentrations (5 to 20 nM) showed a uncompetitive mechanism of inhibition. Fitting of the data to equation 1 for fully uncompetitive inhibition (see Materials and Methods) gave a value for the equilibrium dissociation constant for the ternary complex [K d(ter) ] of 4 nM, consistent with the reported K i for efavirenz against HIV-1 RT. When the inhibitor was tested at higher concentrations, however, the resulting Dixon plot was diagnostic of a mixed noncompetitive mechanism of inhibition (Fig. 3A, inset) . Fitting of the data to equation 2 gave a value for the equilibrium dissociation constant for the binary complex [K d(bin) ] of 30 nM. The two lines intersected below the x axis, according to the relationship
. When sefavirenz was tested under the same conditions, a similar behavior was observed (Fig. 3B) , with uncompetitive inhibition at low inhibitor concentrations and a calculated K d(ter) value of 8 nM and mixed noncompetitive inhibition at higher concentrations (Fig. 3B, inset) . The calculated K d(bin) was 230 nM, indicating a reduced affinity of sefavirenz for the binary RT-TP complex with respect to efavirenz.
Again, the two lines intersected below the x axis, according to the relationship K d(bin) Ͼ K d(ter)
. It should be noted that the observed mechanism is indicated with the term "uncompetitive" according to the standard nomenclature (6), in order to indicate the preferential binding of the inhibitor to the enzyme-substrate complex, a behavior which makes it distinct from other noncompetitive types of inhibition.
Efavirenz and sefavirenz show different affinities for binding to free RT. The effect of increasing concentrations of efavirenz on the RNA-dependent DNA synthesis catalyzed by HIV-1 RT with saturating dNTP was tested in the presence of two different TP (3Ј-OH primer ends) concentrations. According to Fig.  1B , right panel, the inhibitor could interact only with the free enzyme or the ternary RT-TP-dNTP complex. The results are shown in Fig. 4A . Dixon plots of the experimental data showed nonlinear kinetics, with uncompetitive inhibition at efavirenz concentrations of 5 to 20 nM (Fig. 4A ) and mixed noncompetitive inhibition at higher concentrations (20 to 180 nM) (Fig.  4A, inset) . The K d(ter) value calculated according to the uncompetitive pathway was 4.5 nM, in good agreement with the value derived in the previous experiments (Fig. 3A) . On the other hand, the equilibrium dissociation constant calculated for the free enzyme [K d(E) ] according to the mixed noncompetitive mechanism was 170 nM, indicating a poor affinity of efavirenz for the free enzyme. When sefavirenz was tested, a similar concentration dependence of the mechanism of inhibition was observed, with an uncompetitive K d(ter) value of 7.5 nM (Fig. 4B) . However, sefavirenz showed a significantly lower affinity for the free enzyme than efavirenz, with a K d(E) derived according to the mixed noncompetitive mechanism of 750 nM. In both cases, the curves obtained at high concentrations of inhibitor intersected below the x axis, in accordance with the relationship (6) .
Determination of the rates for the formation and dissociation of the different RT-substrate-inhibitor complexes with efavirenz and sefavirenz. Both efavirenz and sefavirenz showed increasing affinities for the different catalytic forms of RT. However, given that K d ϭ k off /k on , the observed differences in the equilibrium dissociation constants could reflect Parallel reactions were run for 10 min at 37°C with enzyme, substrates, and inhibitors at the same concentrations as in the diluted mixture but without any preincubation. The incorporation observed in these control reactions was typically between 5 and 10% of v 0 and was substracted as background. As shown in Fig. 5 , the data points fitted the simple exponential relationship v t /v 0 ϭ e . Briefly, dose-response curves for each inhibitor alone were obtained within a wide range of concentrations and compared to inhibition curves obtained with combinations of the inhibitors at a fixed molar ratio. This ratio was determined according to the different potencies of the compounds, ensuring in this way that both inhibitors significantly contributed to the inhibition observed. Data were fitted to the corresponding equations (see Materials and Methods), and the calculated parameters for both efavirenz and sefavirenz combinations with AZTTP are listed in Table 2 . Efavirenz was found to be significantly synergistic with AZTTP in its inhibition of HIV-1 RT at fractional inhibition levels of 20 to 90%. This result was in agreement with previous observations indicating a synergistic action of efavirenz in combination with NRTIs in in vitro RT inhibition assays. The thio-substituted analog sefavirenz displayed a similar behavior, but its synergistic effect was slightly reduced, as reflected by higher indexes estimated for the different fractional inhibition levels. The reduced I for sefavirenz can be explained in terms of the observed reduced affinity of the thio-substituted analog for the RT-TP-dNTP complex (Table 1) .
A modeled tridimensional structure of efavirenz shows analogy to nevirapine. As shown in Fig. 6 , the energy-minimized tridimensional structure of efavirenz showed a conformation similar to the one assumed by the NNRTI nevirapine in the RT-nevirapine complex, as revealed by crystal structure determination. In particular, the oxygen substituent at position C-2 of efavirenz is perfectly superimposable and coplanar with the oxygen at position C-6 of nevirapine. For nevirapine, this position has been proposed to make important contacts with different residues of the NNRTI-binding pocket, including Phe 227 and Val 106. It is conceivable that similar contacts are also important for the stabilization of efavirenz. Thus, substitution of the oxygen with a sulfur atom at this position in sefavirenz could impair some of these interactions.
DISCUSSION
A detailed understanding of the mechanism of action of efavirenz is an obligatory step in the development of new derivatives with a better activity profile against drug-resistant mutants. In the present study, the equilibrium dissociation constants for efavirenz binding to the different catalytic forms of HIV-1 RT as well as the association and dissociation rates have been determined using a steady-state kinetic approach. In addition, the same enzymological analysis has been extended to its thio-substituted analog, sefavirenz, which showed comparable activity in vitro against RT. Both compounds displayed nonlinear kinetics of inhibition ( Fig. 3 and 4) . They acted as purely uncompetitive inhibitors at low drug concentrations (5 to 50 nM) and as mixed noncompetitive inhibitors at higher doses (50 to 500 nM). According to the reaction scheme illustrated in Fig. 1A and to the equilibrium dissociation constants for inhibitor binding listed in Table 1 , this behavior can be interpreted in terms of the relative affinities for the different catalytic forms of the enzyme. Both efavirenz and sefavirenz showed increasing affinities for the different forms of RT in the following order: free enzyme Ͻ (i.e., bound with lower affinity) binary RT-TP complex Ͻ ternary RT-TP-dNTP complex. Thus, when only the binary RT-TP and the ternary RT-TPdNTP complexes were available for inhibitor binding (Fig. 1B,  left panel) , at low drug concentrations the inhibitor interacted only with the ternary complex, the affinity for the binary complex being too low. In such a situation, the inhibition followed a fully uncompetitive mechanism according to equation 1 (see Materials and Methods). When the inhibitor concentrations were raised, a ternary complex with the inhibitor (RT-inhibitor-TP) could also be formed; thus, the inhibition was governed by equation 2, describing a mixed noncompetitive mechanism. The same was true for the example illustrated in Fig.  1B , right panel. Under these conditions, at low efavirenz and sefavirenz concentrations, only the quaternary complex with the inhibitor (RT-inhibitor-TP-dNTP) was formed, revealing purely uncompetitive inhibition. At higher drug doses, an RTinhibitor complex started to be formed, resulting in mixed noncompetitive inhibition.
Both efavirenz and sefavirenz displayed the lowest affinity toward the free enzyme, but with a different selectivity ratio,
, which was 42.5 for efavirenz but which was increased to 93.7 for Sefavirenz. The greatest difference between efavirenz and sefavirenz was seen in the selectivity for the ternary complex versus the binary complex, since the K d(bin) / K d(ter) value of 7.5 for efavirenz was increased to 28.5 for sefavirenz.
Determination of the binding (k on ) and dissociation (k off ) rates for the interaction of the two inhibitors with the different catalytic forms of HIV-1 RT showed that the increases in the k off value for the conversion of the RT-inhibitor-TP-dNTP complex into the RT-inhibitor-TP complex were similar for both inhibitors (2-and 2.5-fold, respectively), whereas the k on value for drug binding to the RT-inhibitor-TP complex was reduced 10-fold for sefavirenz but only 2.5-fold for efavirenz. The rates of binding of the two inhibitors to the different enzyme-substrate complexes were well below the diffusion limit (on the order of 10 4 M Ϫ1 s Ϫ1 ) but substantially higher than those for nevirapine (another clinically used NNRTI) (20) . In comparison, the estimated rate for RT-TP complex formation was shown to be on the order of 10 6 M Ϫ1 s Ϫ1 , thus justifying the assumption of faster equilibrium kinetics for binding of the enzyme to its substrates than to the inhibitor (12, 23, 24) . The quaternary complex RT-inhibitor-TP-dNTP showed very low k off values, on the order of 10 Ϫ4 s Ϫ1 for both compounds (Tables 1 and 2 (Table 2) showed an apparent 6-to 12-fold increase in the potency of AZTTP when combined with efavirenz or sefavirenz. Since these inhibitors have a greater affinity for the RT-TP-dNTP complex (Table 1) , it is unlikely that this increase was due to an effect on the k on for complex formation between the RTinhibitor-TP intermediate and AZTTP. The observed synergy was most likely due to the accumulation of the chain-terminated complex RT-TP-AZTMP, which in turn could be converted to a dead-end RT-inhibitor-TP-AZTMP quaternary complex with a very low dissociation rate (k off ), thus account- ing for the observed effect on the equilibrium constant for AZTTP inhibition.
Other classes of NNRTIs have been reported to follow complex kinetics of inhibition (2, 3, 8) . For example, carboxanilide UC38 interacted specifically either with the binary RT-TP complex or with the ternary RT-TP-dNTP complex; however, the equilibrium dissociation constants were 100-to 1,000-fold higher than the corresponding constants for efavirenz, thus suggesting much lower binding and/or higher dissociation rates. The thiocarboxanilide derivative UC781 showed a preference for the different catalytic forms of RT similar to that of efavirenz, but the dissociation rate for the RT-inhibitor-TPdNTP complex was 10-fold higher than the corresponding rate for efavirenz, resulting an even more tightly binding inhibitor. Thus, efavirenz and its thio-substituted derivative sefavirenz appear to be unique in their mechanism of action, being selective tightly binding inhibitors of the ternary RT-TP-dNTP complex. Efavirenz is thus the first clinically approved NNRTI to show this property. Preliminary in vitro characterization of RT inhibition by efavirenz showed either noncompetitive or mixed but not uncompetitive inhibition. This difference could be attributable either to the TP utilized or to the range of inhibitor concentrations used for the analysis.
We found that there was a reduced affinity of sefavirenz for both free RT and the RT-TP complex. This selectivity for the ternary complex can be explained by the crystallographic structures of different RT-substrate-inhibitor complexes (13, 14, 18, 25) . The specific effect seen for the substitution of a sulfur atom in place of an oxygen atom in reducing the affinity of sefavirenz for both free RT and the RT-TP binary complex could reflect the different structures of unbound RT with respect to the binary or ternary complexes with its substrates. In fact, in the ternary complex, there are large-scale structural differences as well as local conformational changes in comparison with both the free enzyme and the RT-TP complex. Thus, it is possible that the structure of the ternary complex displayed the optimal side-chain conformation for inhibitor binding and that the thio substitution at position C-6 of sefavirenz made this compound more sensitive to the structural differences between the different catalytic forms of the enzyme-substrate complexes.
